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xAbstract
Coning Reduction in Spinning Flying Vehicles
Paul Timothy Freeman
Advisor: Bor-Chin Chang, PhD
Gun launched projectiles designed to maintain body spin can often exhibit a
gyroscopic phenomenon called coning. Coning can increase a projectile’s suscepti-
bility to loss of control conditions and is generally undesirable. Using a simplified
model, an Impulse Force Method is proposed to reduce coning motion and any bias
the projectile body exhibits with respect to heading direction. Simulation results
show the proposed method is able to reduce coning and bias to within an acceptable
region of the heading direction. The Impulse Force Method is then implemented in a
full 6-DoF simulation of the Army Research Laboratory’s Flight Controlled Mortar
(FCM) system. A control scheme is developed using the FCM canards to create
impulsive forces at the tip of the projectile and oppose any coning motion. FCM
simulation results reveal the Impulse Force Method is capable of reducing coning
motion and improving the overall range of the projectile.

11. Introduction
The technical art of ballistics has existed for thousands of years with some of the
first historical traces involving simple throwing mechanisms. Despite their primitive
nature, these designs were influenced by the same goals of today’s ballistic systems;
primarily extended range and target accuracy. While these goals remain the same,
the knowledge of how to most efficiently and effectively accomplish them has grown
immensely. The work of Isaac Newton brought primitive ballistics from an art to
science; establishing laws of motion and the aerodynamic effects of a projectile in a
resistive medium [14]. For many years after Newton’s work, many ballisticians, from
countries all over the world, worked to better understand and predict the behavior of
launched projectiles. Most of this ballistic development was driven by the motivation
of weapon creation, however, up until the first half of the twentieth century, no
active guidance had been explored. Near the beginning of the 1900’s scientists
and researchers began developing primitive guided weapons with ideas ranging from
small planes with explosive loads to “aerial torpedoes”. It wasn’t until World War
II, however, when effective designs were finally employed on the battle fields in
Germany and the United States. Following World War II, the development of guided
weapons progressed immensely through arms races, wars, and the expansion of
technology in general [6]. Today, countries across the world, including the United
States, are continuing to develop and produce weapons which can more accurately
and effectively engage specific targets. In the U.S., the desire is not just to dominate
our battles with superior technology, but to develop weapons which most efficiently
and effectively accomplish the task needed with as little collateral damage as possible
[11].
The continued growth of the systems and controls field has provided an excellent
foundation on which to develop the smart munitions which meet the U.S. defense
2goals. Application of systems and control theory has revolutionized the development
of systems in all types of markets allowing for the manipulation of system behaviors
which may never have been thought possible. The field of projectile munitions has
certainly experienced this trend as smart munitions have become an increasing area
of interest for researchers. However, with the benefits of smart technology comes
the complication of ensuring that a system does not enter a Loss of Control (LOC)
condition. Due to susceptibility to external disturbances and the aerodynamics
associated with flying vehicles, projectile munitions face a strict stability envelope
where LOC conditions become of great relevance [16].
1.1 Spinning Munitions And Coning
A standard strategy to increase the stability of gun-launched projectiles is to
induce spin about the projectile’s longitudinal axis. This spinning helps to reduce
the projectile’s sensitivity to disturbances while in flight. Without spin, a moment
inducing force can cause the projectile to topple about its center of gravity and
exhibit unpredictable behaviors. A projectile with spin, however, benefits from
sustained angular momentum which helps to keep the projectile body aligned with
its heading direction. While this body spin can be an effective means of helping
to prevent LOC, it can also lead to a gyroscopic phenomenon known as precession
or coning. Coning occurs when a spinning projectile experiences an external force
that creates a moment about its center of gravity. Instead of toppling, the angular
momentum pulls the tip of the projectile back toward the heading direction. The
resulting motion is like that of a cone, where the projectile’s center of gravity marks
the tip of the cone and the front tip of the projectile circles around to form the base of
the cone. The movement of the tip of a coning projectile, with respect to the angular
momentum and heading direction, is shown in Figure 1.1. The figure illustrates how
the tip of the projectile traces a circular motion about the angular momentum vector,
shown in blue. The red vector represents the projectile’s heading direction, which
3may be offset from the angular momentum vector. In many cases, large magnitudes
of coning can cause the projectile to travel in an undesirable orientation, such as
excessive pitch or yaw, significantly changing the angle of attack and diverting the
projectile from its intended course or causing a LOC situation.
Figure 1.1: Path traced by the projectile’s tip during coning with relation to the
heading direction (red) and angular momentum vector (blue).
1.2 Relevant Work
The gyroscopic motion caused by coning also becomes a difficulty when attempt-
ing to actively control the trajectory of the projectile. During coning, the orientation
of the projectile in space is constantly changing and revolving. This motion can cre-
ate undesirable forces on the various surfaces of the projectile, which can greatly
interfere with active control and possibly trigger a LOC condition. These disastrous
effects have led researchers to develop both methods of compensation for and elim-
ination of coning. As the latter has proven itself a much more difficult task, large
4efforts have been put into coning compensation methods. One suggested method of
coning compensation first employs a partial-despin design which initially allows the
projectile to be spun up for stability and when control of the projectile is desired
part of the round is despun so that the control surfaces are not compromised by
the projectile’s spinning motion [20]. Next H2 control theory is used to construct a
controller which tracts the coning motion and allows the control surfaces to operate
efficiently despite being subjected to odd coning angles [19]. Other methods of con-
trolling projectiles, such as varying canard designs and lateral impulsive loads, or
jets, have been extensively researched in [1, 4, 5, 13, 18, 19], and include analysis for
operation under coning conditions, however, not much exists for using these meth-
ods to eliminate coning. A significant amount of research has also been conducted
on the modeling and stability of projectile systems, [8, 15–17,22, 23] however, there
is very little documentation on methods for preventing coning and eliminating or
reducing coning once it has occurred. This leaves a great opportunity to build upon
the knowledge already established for projectiles and develop an efficient method
for coning reduction.
1.3 Motivation
The Army Research Laboratory is currently developing a smart weapon system
called the Flight Controlled Mortar (FCM). The base of the FCM project is an
81mm or 120mm passive round which the military has mass produced over many
years and currently possesses stockpiles full of. ARL has developed an attachable
front end assembly for the passive rounds which includes canards, a micro-processor,
GPS, seeker, Canard Actuation System (CAS) and plenty of other electronics. This
add-on system takes the 81mm and 120mm rounds from very limited mortars to
cost effective precision guided weapons. Aside from a few different body contours,
the FCM structure is generally similar to the projectile displayed in Figure 2.1.
The FCM is a gun-launched and spin-stabilized projectile system, therefore, it is
5certainly susceptible to the disastrous effects of coning. In fact, ARL’s flight tests
revealed that while some test shots exhibited very predictable trajectories and hit
targets within an acceptable range, other shots unexpectedly developed coning be-
havior and diverted from the intended trajectory completely. While the exact cause
of the coning motion is not exactly understood in this system, it is undeniable that
susceptibility to coning is an issue. The unexpectedness of this coning motion cre-
ates an even more dangerous environment. In the event that coning occurs, the
smart FCM may end up causing more undesirable damage than the passive round
by itself. The concerns with coning which surround the FCM are not specific to this
system and are common to many projectile systems. While this thesis will focus
on coning reduction in the specific case of the FCM, successful results towards the
accomplishment of eliminating coning is a beneficial step for any type of projectile
flight system. This thesis provides an analysis of coning behavior in projectile mu-
nitions leading to a theory for eliminating coning, referred to as the Impulse Force
Method. The desire is that these results will provide a foundation on which further
research may be based upon in order to help eliminate the concerns associated with
coning and its potentially disastrous effects.
1.4 Organization of Thesis
The remainder of this thesis is organized as follows. Chapter 2 provides an
overview of the dynamic equations involved in analyzing and creating a model of a
spinning projectile, specifically the FCM system. The sections within this chapter
establish reference frames about which the system will be analyzed and review the
general equations of motion. Detail is provided on the equations for the forces
and moments present on the projectile during flight and other important variables.
In Chapter 3 coning motion and gyroscopic physics are examined in a simplified
projectile system in order to establish an effective method for eliminating coning.
An impulse force theory is developed and proof of concept is established through
6simulation. Chapter 4 extends the principles established in Chapter 3 to the more
complex FCM system. The coning reduction method is simulated for a variety of
coning conditions to establish effectiveness. Future work and conclusions are given
in Chapter 5.
72. Flight Dynamics of Spinning Projectiles
In order to appropriately examine the flight dynamics and effects of control
mechanisms on projectile flight, it is important to have an accurate flight dynamics
model. The dynamics of symmetric projectiles have been studied for many years
and the underlying equations of motion are well established in [2,7,14–16,21]. While
a well researched area of interest, the dynamic equations are cumbersome and com-
plicated. The equations of motion are highly non-linear and coupled, limiting the
accuracy of more simple linear models. The following sections describe the equations
and formulas used to develop a dynamic model for ARL’s FCM system. While many
of the equations apply generally to any projectile system, some simplifications and
assumptions have been made which make these equations more specific to the FCM.
Nevertheless, this chapter will define and establish important values and concepts
which will be used throughout this thesis.
2.1 Coordinate System
It is necessary to establish and define a series of coordinate systems for which all
equations and values will be referenced from. The coordinate system standards used
in this thesis are as described in [15, 21] and are briefly reviewed in the following.
First, a body-fixed coordinate axis is described using a right handed system. The
positive x-axis lies along the projectile’s longitudinal axis, and the projectile’s spin,
or roll, is thus about the x-axis. The y-axis is taken as positive to the right of the
projectile, and the z-axis is defined as positive down when viewed from the rear of
the projectile. Figure 2.1 shows the body-axis orientation using subscripts “b” and
“E” to denote body and Earth axis respectively.
An Earth-fixed north-east-down (NED) coordinate system is used as a reference
to describe the position of the projectile in space. The Earth X-axis is perpendicular
8Figure 2.1: Orientation of the body-fixed axis.
to the gravity vector and the Earth Y-axis is perpendicular to the X-axis and the
gravity vector with positive to the right when looking in the positive X-axis direction.
The Earth Z-axis is along the gravity vector with positive pointing downward or
along with the gravitational force [15]. All Earth referenced axes are distinguished
hereafter by capitalized letters. The body-fixed axis is described in relation to the
Earth-fixed axis by the use of Euler’s angles, ψ (yaw), θ (pitch), and φ (roll). At
the condition for which ψ, θ, and φ are all zero, the body axis is aligned with the
Earth axis, with the positive X-axis forward, the positive Y-axis to the right, and
the positive Z-axis down. Figure 2.2 shows the orientation of the body-fixed axis in
relation to the Earth-fixed axis through the use of Euler angles. Similar notation as
in Figure 2.1 is used to distinguish body and Earth axes.
Another coordinate system that will be referenced is the non-rolling body-fixed
axis. This axis follows the body-fixed axis through the same pitch and yaw angles;
however the roll axis remains fixed. The non-rolling body fixed x, y and z-axis are
sometimes also referred to as the station line (SL), butt line (BL), and water line
(WL) respectively.
9Figure 2.2: Orientation of body-fixed axis with respect to Earth-fixed axis through
Euler angles.
Transformations between the three coordinate systems are made possible with
the application of appropriate combinations of the yaw, pitch and roll transformation
matrices. These rotation matrices are shown in Equations (2.1.1), (2.1.2), and
(2.1.3), using a convention for which c• = cos(•) and s• = sin(•).
Rψ =

cψ sψ 0
−sψ cψ 0
0 0 1
 (2.1.1)
Rθ =

cθ 0 −sθ
0 1 0
sθ 0 cθ
 (2.1.2)
10
Rφ =

1 0 0
0 cφ sφ
0 −sφ cφ
 (2.1.3)
The transformation matrices between all coordinates systems referenced in this
analysis are presented below with the subscripts RbE read as “the rotation matrix
from Earth axis to body axis”. The subscript, E, denotes Earth axis, b, body axis,
and nr, non-rolling body axis such that,
RbE = RφRθRψ, (2.1.4)
REb = R
−1
ψ R
−1
θ R
−1
φ , (2.1.5)
RnrE = RθRψ, (2.1.6)
REnr = R
−1
ψ R
−1
θ , (2.1.7)
Rbnr = Rφ, (2.1.8)
Rnrb = R
−1
φ . (2.1.9)
2.2 Equations of Motion
The flight dynamics model for the projectile is based on Newton’s laws of motion.
In order to use these laws, a few assumptions must be made. First, the projectile is
assumed to be a rigid body. This allows the projectile to be analyzed as an idealized
system of particles such that the body of the projectile does not undergo any change
in size or shape during flight. Thus, the airframe motion can be completely described
by translation at the center of gravity and rotation about this same point. Unlike
missiles, a projectile does not have any propulsion system and thus a constant mass
approximation is valid in analysis. The projectile model chosen for this analysis is
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a 6 degree of freedom (6-DoF) system, described by the aerospace Euler yaw-pitch-
roll sequence. This method is well established in [2, 7, 9, 14, 21]. For this particular
model, the six degrees of freedom include body translation along three axis,
~V =

u
v
w
 , (2.2.1)
where u, v, and w are the velocity along the body-fixed x, y, and z axis respectively,
and rotation about three axis,
~ω =

p
q
r
 , (2.2.2)
where p, q, and r are the rotational velocities about the body-fixed x, y, and z axis
respectively. The equations of motion for the system are then derived according to
the established degrees of freedom.
Newton’s second law of motion is given as,
∑
~F =
d~p
dt
, (2.2.3)
where
∑ ~F is the sum of the forces on the body and ~p is the momentum of the
body. Since the mass, m, is assumed to be constant and the momentum p is equal
to the mass times the velocity of the body mv, Equation (2.2.3) can be simplified
to Equation (2.2.4), ∑
~F = m
d~v
dt
. (2.2.4)
Newton’s second law of motion, however, is only valid in the inertial frame of ref-
erence. It will be assumed that the inertial reference frame is defined by an axis
fixed to the Earth axis as described in Section 2.1, and will be used interchangeably.
It will be most useful to handle forces and velocities in the body frame. Since the
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body frame is translating and rotating with respect to the Earth frame, the motion
can be related by Equation (2.2.5),
(
d~V
dt
)
E
=
(
d~V
dt
)
b
+ ~ω × ~V . (2.2.5)
Here,
(
d~V
dt
)
E
and
(
d~V
dt
)
b
are the time derivatives of the body’s velocity, ~V , in the
Earth frame and body frame respectively and ~ω is the angular velocity of the body
frame with respect to the Earth frame. Substituting Equation (2.2.4) into (2.2.5)
gives, ∑
~F = m
(
d~V
dt
)
b
+m(~ω × ~V ). (2.2.6)
Rearranging the terms to solve for the accelerations in the body frame gives,
∑ ~F
m
+ ~V × ~ω =
(
d~V
dt
)
b
= ab, (2.2.7)
where ab is the body-axis accelerations. An equation for the body accelerations is
useful in simulation because these accelerations can be integrated in each time step
to find the current body velocities.
It is also known that within the inertial reference frame,
∑
~M =
d ~H
dt
. (2.2.8)
Here
∑ ~M is the sum of the moments on a body and ~H is the angular momentum
of the body. Incorporating the same Earth to body reference frame relationship as
in Equation (2.2.5) yields,
(
d ~H
dt
)
E
=
(
d ~H
dt
)
b
+ ~ω × ~H, (2.2.9)
where,
(
d ~H
dt
)
E
and
(
d ~H
dt
)
b
are the time derivatives of the body’s angular momentum,
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~H, in the Earth frame and body frame respectively. The angular momentum can
also be described by the dot product,
~H = I · ~ω, (2.2.10)
where I is the inertial matrix and is assumed to be constant. Substituting Equations
(2.2.8) and (2.2.10) into (2.2.9) gives,
∑
~M =
(
d(I · ~ω)
dt
)
b
+ ~ω × (I · ~ω). (2.2.11)
Rearranging terms provides a relationship for the time derivative of the body’s
angular velocities, (
d~ω
dt
)
b
= I−1
[∑
~M − ~ω × (I · ~ω)
]
. (2.2.12)
For simulation purposes, this equation can be used to determine the time deriva-
tives of the projectile’s angular velocity and integrate to find the current angular
velocities.
2.3 Forces
As a projectile travels along its flight trajectory, it encounters many different
forces which are dependent on a variety of aerodynamic, geometric and orientation
related factors. The aerodynamic forces on the body of the projectile and the
canards are dependent on the air density, denoted by ρ, and the reference area, A,
which is related to the reference diameter, d, according to the equation, A = pid
2
4 .
They are also a factor of the total velocity of the the projectile which includes the
effects of wind. Wind can be measured in the Earth-fixed coordinate system and
rotated into the projectile’s body-fixed coordinate system as follows,
~Vwindb = RφRθRψ
~VwindE . (2.3.1)
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The total velocity is thus the sum of the projectile’s velocity and the wind,
~Vw = ~V + ~Vwindb . (2.3.2)
The subscript, w, will be used to denote any velocities including wind velocity, thus
in component form Vw = ||uw, vw, ww||.
The coefficients in the following equations, denoted by C•, are dependent on
Mach number and Angle of Attack, (AOA). The values used in this analysis were
provided by the Army Research Laboratory following preliminary wind tunnel test-
ing. A summary of the coefficients is provided in Table 2.1. The term AOA can
be defined in a number of different ways depending on the specific circumstance in
which it is being used. In this thesis, AOA will be used in conjunction with Sideslip
Angle to describe the orientation of the projectile body with respect to its velocity
vector. The AOA, α, is defined as,
α = arcsin(
w˜
‖~V ‖). (2.3.3)
The Sideslip Angle, β is defined as,
β = arcsin(
v˜
‖~V ‖). (2.3.4)
Here, the tilde over the velocity components denotes a non-rolling body velocity.
For the purpose of this analysis all relevant forces will be analyzed according to
three categories: aerodynamic, canard, and gravity.
~F = ~Faero + ~Fcan + ~Fgrav (2.3.5)
The force, ~F , is the summation of all the forces acting on the projectile. ~Faero is the
aerodynamic forces on the body of the projectile and includes normal forces, drag
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forces, Magnus forces, and combined AOA and roll forces due to the fins. ~Fcan is the
forces produced from the canards and varies according to the canard position. ~Fgrav
is the force of gravity on the projectile. The components of ~Faero are computed in
the body-fixed x, y, and z axis as follows,
~Faero =

Fxa
Fya
Fza
 , (2.3.6)
Fxa = −1
2
ρV 2wACX , (2.3.7)
Fya = −1
2
ρV 2wA[−CY 0 − CY β(
vw
Vw
) + CY pα(
pd
2Vw
)(
ww
Vw
) + CY γα(
ww
Vw
)], (2.3.8)
Fza = −1
2
ρV 2wA[−CZ0 − CZα(
ww
Vw
) + CY pα(
pd
2Vw
)(
vw
Vw
) + CY δα(
vw
Vw
)]. (2.3.9)
It is important to distinguish a few of the aerodynamic forces in particular since
they will be referred to in the next section when computing the moments on the
projectile. The first term in in Equation (2.3.7) and the second terms in Equations
(2.3.8) and (2.3.9) are referred to as the normal forces on the projectile. These forces
act at the center of pressure of the projectile body and thus create moments about
the center of gravity. The third terms in Equations (2.3.8) and (2.3.9) are referred
to as the Magnus forces and act at a point off center from the center of gravity and
thus also produce significant moments on the projectile.
The components of ~Fcan are also computed in the body-fixed x, y, and z axis
and are defined according to the following equations.
~Fcan =

Fxc
Fyc
Fzc
 (2.3.10)
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Fxc = −1
2
ρV 2wACNαcan sin(δcan) sin(δcan) (2.3.11)
Fyc = −1
2
ρV 2wACNαcan sin(δcan) cos(δcan) cos(φ) (2.3.12)
Fzc = −1
2
ρV 2wACNαcan sin(δcan) sin(δcan) sin(φ) (2.3.13)
Here δcan is the deflection angle of the canards. The canards on the FCM are
designed so that they can move in both a positive deflection (up) and a negative de-
flection (down). The canards can deflect approximately 11 degrees in each direction
giving them an overall range of about 22 degrees.
The components of the force of gravity, ~Fgrav, are determined through a rotation
of gravity in the Earth-fixed frame to the body-fixed frame according to Equation
(2.3.14).
~Fgrav =

Fxg
Fyg
Fzg
 = RφRθRψ

0
0
g
 (2.3.14)
2.4 Moments
A common method for computing a moment on a rigid body is according to the
equation,
~M = ~r × ~F . (2.4.1)
During flight, however, the position of the force, with respect to the center of gravity
of the projectile, may be constantly changing. In order to more accurately compute
the moments, equations have been determined which are based on experimentally
determined coefficients rather than the forces which cause the moments. The later
method is preferred when the coefficients are available, however, the extensive testing
required for obtaining such coefficients often limits the use of these equations. For
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this analysis, access to some of the necessary moment coefficients was not available
for use. Therefore, as will be seen below, the normal force moments and Magnus
force moments have been computed according to Equation (2.4.1) by calculating
the moment arms of each force using certain simplifications based on geometry and
other coefficients. The values rx•, ry•, and rz• represent the moments arms for
the respective forces in each axis. Together, the aerodynamic moments consist of
moments from the normal forces, Magnus forces and roll, pitch and yaw damping
moments.
~Maero =

rxcop
rycop
rzcop
×

Fxnorm
Fynorm
Fznorm
+

rxmag
rymag
rzmag
×

Fxmag
Fymag
Fzmag
+
1
2
ρV 2wAd

Cldd + Clp(
pd
2Vw
)
Cmq(
qd
2Vw
)
Cnr(
rd
2Vw
)

(2.4.2)
The moments produced by the canards are also computed according to the dis-
tance of the canard forces from the center of gravity,
~Mcan =

SLCPcan − SLCG
BLCPcan −BLCG
WLCPcan −WLCG
×

Fxc
Fyc
Fzc
 , (2.4.3)
where SLCPcan, BLCPcan, and WLCPcan are the center of pressure of the canards
along the station line, body-line, and water-line respectively. SLCG, BLCG, and
WLCG are the location of the center of gravity of the projectile along the station-
line, body-line, and water-line respectively.
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Table 2.1: Aerodynamic Coefficient Descriptions
Coefficient Description
CX Body Axial Force Coefficient
CY 0, CZ0 = 0 Force Coefficient Due to Trim
CY β Normal Force Coefficient in the y Direction w/ Rear Fins
CZα Normal Force Coefficient in the z Direction w/ Rear Fins
CY pα Magnus Force Coefficient in y Direction due to AOA
CZpβ Magnus Force Coefficient in y Direction due to Sideslip
CY γα Combined AOA and Roll Force Coefficient due to Fins
CY δα Combined AOA and Roll Force Coefficient due to Fins
CNαcan Canard Normal Force Coefficient
Cldd Roll Torque Moment Coefficient
Clp Roll Damping Coefficient
Cmq Pitch Damping Moment Coefficient
Cnr Yaw Damping Moment Coefficient
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3. Impulse Force Theory
The equations in Chapter 2, while critical to creating a more realistic model and
necessary for final simulation results, can quickly become complicated and inhibitive
to understanding coning and how to eliminate it. In order to more efficiently design
a control scheme to eliminate coning, the underlying physics. behind the aerody-
namics, must be understood. There are two main types of forces acting on the
projectile during flight; external and control forces. The external forces consist pri-
marily of disturbances from wind and other atmospheric conditions. The control
forces are those forces which are applied by a mechanism on the body in a controlled
manner. Both types of forces, when applied on the body of the projectile at a point
offset from the center of gravity, will induce a moment on the body. Therefore, both
types of forces are capable of stimulating coning behaviors. To illustrate the effects
that these forces can have on a projectile’s gyroscopic motion, consider a force, ~F ,
applied for a very short duration of time, δt. The linear momentum caused by the
applied force impulse will be,
~Fδt = m~v. (3.0.1)
The corresponding angular momentum about a fixed reference point is given by,
~H = ~r ×m~v. (3.0.2)
Substituting Equation (3.0.1) into (3.0.2) yields,
~H = ~r × ~Fδt. (3.0.3)
The properties of the cross product show that the component of angular momentum
resulting from a moment inducing impulse force will be perpendicular to that force
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and its respective moment arm. The dynamics of spinning projectiles follow this
same rule. The component of the angular momentum resulting from the impulse
force causes the bias offset between the total angular momentum and the heading
direction seen in Figure 1.1. This bias will always be perpendicular to both the force
that caused it, and the respective moment arm [2].
3.1 Assumptions
For the purpose of the following analysis, it is necessary to establish a group of
assumptions and conditions under which the projectile will be examined. First, it is
assumed that the heading direction of the projectile is aligned with the Earth-fixed
X-axis. All coning angles and biases are assumed to be small (< 15 degrees) [14] and
the coning motion about the angular momentum vector is assumed circular. As this
chapter is focused solely on reducing the gyroscopic effects of coning, translational
movements caused by the control forces and coning will be ignored. The projectile is
also assumed to be symmetrical about its spin (roll) axis. From a control perspective,
it is assumed that all dynamic states of the projectile are fully known. In addition,
infinite control authority is assumed so that all determined control forces can be
implemented in an impulsive manner from any direction in the body or non-rolling
body-fixed axis. This condition allows for the control forces to be found in the Earth
axis and transformed to the body axis or non-rolling body axis by the transformation
matrices provided in Equations (2.1.4) through (2.1.9). The non-rolling axis provides
a convenient platform for implementing control forces as it is unaffected by the
constant rolling motion of the projectile. Methods for establishing a non-rolling
surface using partial-despin concepts are discussed in [20]. Partial-despin would
allow for a stable surface on which control forces could be easily and accurately
implemented. Alternative methods for control force implementation in the body
axis are mentioned in [4,18,19]. A discussion of the effectiveness of these methods is
beyond the scope of this chapter and these methods are only mentioned to validate
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the use of infinite control authority assumptions.
In order to analyze the gyroscopic motion of the projectile during coning, it is
convenient to establish an Earth-fixed Y-Z plane on which the projectile’s coning
tip is projected. A plot of this projection shows the path that the front tip traces
on the 2D Earth-fixed Y-Z plane. The Earth Y-Z plane is chosen because only
changes in pitch or yaw will translate to changes in the path traced on the projec-
tion plane. This allows for simplified 2D analysis while maintaining all important
factors describing the coning motion. By the geometry illustrated in Figure 3.1, the
relationships between θ, ψ, and tip translations in the Earth axes are,
∆Y = L sin(ψ),∆Z = −L sin(θ). (3.1.1)
It is important to remember that positive Y-values are to the right and positive
Z-values are down. It is also beneficial to examine this projection by axis definitions
corresponding to pitch and yaw. In this case, positive yaw values would be to the
right and positive pitch values would be up. This coordinate system becomes useful
in examining coning behavior to ensure that the maximum angles do not exceed
values that would be considered undesirable for aerodynamic flight. Both axes,
while defined differently, exhibit similar projections of the projectile’s movement.
Since the initial coning angles and bias have been assumed to be small, it is assumed
that the coning projection is purely circular, with a small bias from the origin. The
origin on the Y-Z projection plane corresponds to the Earth X-axis and thus the
heading direction of the projectile. Therefore, from a Y-Z projection perspective,
the general coning motion will be described by a circular path, having a center that
is offset from the origin by some bias.
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(a) Earth X-Y plane projection (b) Earth X-Z plane projection
Figure 3.1: Projectile orientation definitions used for Y-Z projection analysis.
3.2 Problem Formulation
Consider a projectile with all the assumptions listed in Section 3.1 that exhibits
some general coning motion. The goal of the coning reduction problem is to realign
the body of the projectile with its heading direction. In the Y-Z projection plane,
this corresponds to bringing the plotted path toward the origin. In theory, by
Newton’s laws, it is possible to completely eliminate coning by applying a controlled
force to generate an angular momentum opposite to the component of the angular
momentum that causes the coning. This force must be applied at the point where
the body of the projectile is momentarily aligned with the heading direction. For
the general coning case, however, it is plausible that the body of the projectile may
never be momentarily aligned with the heading direction. In addition, the required
precision in force application and timing to fully eliminate coning is very strict and
difficult to achieve perfectly.
The coning reduction problem is defined by two primary goals. One goal is to
reduce the coning motion, which is described by the circle in the projection plane
and will hereafter be referred to as the Coning Projection Circle (CPC). The other
goal is to reduce or eliminate the bias, which corresponds to the offset between the
center of the CPC and the origin. Working in the Y-Z projection plot, the goal
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becomes reducing the size of the CPC and moving the center of the CPC close to
the origin. A method for accomplishing this goal is presented through the use of
a series of impulsive control forces, as illustrated in Figure 3.2. By characterizing
the coning motion, appropriate control forces can be determined and applied to the
projectile to simultaneously reduce the coning motion and the associated bias.
Figure 3.2: Ideal proposed coning reduction technique as viewed from the Earth
Y-Z projection plane.
3.3 Control Force Direction
The first step in implementing the proposed coning reduction technique is to
calculate the current gyroscopic motion from the sensor readings and to evaluate the
orientation of the projectile from Equation (3.1.1). Referring back to the notation
defined in (3.1.1), the distance of the tip from the origin is described as,
∆c =
√
(∆Y )2 + (∆Z)2. (3.3.1)
As the projectile travels, values of ∆c can be monitored in real time to detect its
maximum and minimum values. With the assumption that the tip will trace a
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circular path, the maximum and minimum values of ∆c provide enough information
to completely describe the CPC and the location of its center. Since the CPC
describes the motion of the projectile tip, this information can be used to determine
the control forces needed to implement the proposed coning reduction method. In
order to determine an appropriate control force direction, values of ∆c are examined
as the projectile rotates through the coning motion. As illustrated in Figure 3.3, a
minimum value of ∆c corresponds to the point on the CPC at which the projectile
is closest to the origin. This point will be referred to as the critical point.
Figure 3.3: Earth Y-Z projection plane geometric diagram showing ideal placement
of the control force.
As described earlier, the bias will change in a direction perpendicular to the
applied force. Therefore, in the Y-Z projection plane, the bias will be reduced to
move the center of the coning circle toward the origin if a control force is applied in
a direction tangent to the CPC at the critical point. Application of this force will
require components in the Earth Y and Z directions. To find the components of the
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control force, the unit vector of ∆c is found by,
∆̂cc =
~∆cc
|∆cc| =
∆Yc
|∆cc| Ĵ +
∆Zc
|∆cc|K̂, (3.3.2)
where Ĵ and K̂ represent the unit vectors in the Earth Y and Z direction respectively.
Since the control force is perpendicular to this unit vector, the force unit vector is
a 90 degree clockwise rotation of ∆̂cc,FˆY
FˆZ
 =
0 −1
1 0

 ∆Yc|∆cc|
∆Zc
|∆cc|
 =
−∆Zc|∆cc|
∆Yc
|∆cc|
 . (3.3.3)
Thus the total control force vector with magnitude F is,
~F = F (
−∆Zc
|∆cc| )Ĵ + F (
∆Yc
|∆cc|)K̂. (3.3.4)
It is important to note that this control force has been defined in the Earth-fixed
frame of reference. It is impractical to implement control forces from the Earth
frame since the control mechanism will be mounted to the body of the projectile.
It is therefore necessary to transform the control force vector into the body or non-
rolling body axis according to Equation (2.1.4) or (2.1.6). Once transformed, these
forces can be considered for the possibility of practical implementation.
3.4 Control Force Magnitude
The direction of the control force and the necessary timing point of implemen-
tation have been determined, but the magnitude of the force remains in question.
The magnitude must be variable, in order to adapt to the changing coning motions,
as the projectile is brought toward the heading direction. Since the control force
is working to oppose and change the component of the angular momentum causing
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coning, it should be proportional by the relation,
F ∝
√
θ˙2 + ψ˙2. (3.4.1)
The constant of proportionality between these two values will be different depending
on the coning frequency and the bias. It is therefore necessary to discuss an approach
for determining a proportionality constant which will lead to desirable results. It has
been stated that there exists a condition for which a single control force can reduce
coning and the bias. This situation has been simulated using Matlab Simulink and
the Y-Z projection of the projectile tip motion has been plotted in Figure 3.4. In
this simulation, the projectile is given a specific set of initial conditions which create
a CPC that passes through the origin. At the moment the tip reaches the origin,
a Y-axis impulse control force is implemented which almost eliminates the angular
momentum component, leaving the projectile aligned with the heading direction.
In Figure 3.4, the larger circle is the initial CPC and the resulting CPC is the
smaller circle near the origin. As can be seen, some small coning remains; this is
a consequence of timing and magnitude rounding errors in simulation. With ideal
precision, the resultant CPC would minimize to a point at the origin, corresponding
to the complete elimination of the projectile’s coning.
This one-shot correction approach works well when the initial CPC intersects, or
is very close to, the origin. However, if the initial CPC is appreciably distant from
the origin, the coning reduction cannot be accomplished by one-shot correction.
Consider a projectile coning with an initial CPC that exhibits a large bias and
does not intersect with the origin. If an attempt is made to eliminate the coning
completely with a single impulse control force, disregarding the bias, the resulting
motion will yield a new CPC with a very small radius but unimproved bias. This
scenario is illustrated in Figure 3.5, where the larger circle is the initial CPC and the
smaller circle is the resulting CPC. The control force is applied on the projectile in
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Figure 3.4: Coning reduction implementation under the condition that the initial
CPC passes through the origin.
such a way that it almost eliminates the angular momentum component causing the
coning motion. While the CPC has been significantly reduced, a bias still remains
between the tip and the heading direction. Additional control forces must be used
to reduce this bias. However, due to the projectile’s continuing body spin, these
forces will again introduce coning into the system.
A third scenario is presented in which an attempt is made to reduce the bias
with a single impulse control force. In this simulation, a projectile is again given
a set of general coning initial conditions and a force is applied according to the
method described in Section 3.3. The magnitude of the force is chosen to be much
larger than that used in the previous two examples in order to not only eliminate
the angular momentum component causing the initial coning motion, but to also
induce a new component to the angular momentum for eliminating the bias. The
plotted results in Figure 3.6 show that while the bias is removed, the coning angle
that corresponds directly to the radius of the CPC is increased. This new motion,
while centered about the heading direction, may cause the projectile to be more
susceptible to a LOC condition than the initial conditions. Large pitch and yaw
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Figure 3.5: Coning reduction implementation with remaining bias with respect to
the heading direction.
angle changes can easily lead to undesirable forces on the body and are a condition
to avoid during control maneuvers.
The benefits and limitations taken from the previous three examples lend them-
selves to the idea that coning and bias reduction may be accomplished through a
series of carefully determined forces. The magnitudes of these forces must be large
enough to modify the angular momentum to a desired state, but not so large that
they induce coning angles beyond a safe stability limit. Ideally, the force should be
of such magnitude that the bias of the CPC is shifted toward the origin with the
radius of the new CPC being slightly less than that of the previous CPC. The pro-
posed iterative CPC radius and bias reduction approach is illustrated in Figure 3.2.
The iterative nature of this process allows for some error tolerance with respect to
control force magnitude and application time during implementation. Several sim-
ulation examples are given in the following section to demonstrate the effectiveness
of the proposed iterative coning reduction approach.
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Figure 3.6: Bias reduction implementation without concern for coning reduction.
3.5 Simulation Results
The methods proposed in Sections 3.3 and 3.4 were simulated in Simulink us-
ing the Aerospace Blockset’s 6-DoF block to model the equations of motion. The
simulated projectile was given a mass of 6 kg and an inertia matrix of,
I = diag
[
0.0075 0.08375 0.08375
]
. (3.5.1)
All control forces were applied for a duration of ten milliseconds, at the tip of the
projectile, with L = 0.2 meters (3.1.1). A delay of at least one second was established
between force applications in order to ensure that the model had collected enough
data points to accurately define the current CPC geometry. Table 3.1 provides
the initial coning conditions used for each simulation along with the constant of
proportionality (3.4.1) used in determining the force magnitude.
Figures 3.7 and 3.9 illustrate the motion of the projectile tip in the Y-Z projec-
tion plane while undergoing the proposed method for coning reduction. The results
for two different simulations are shown in order to provide samples of the coning
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Table 3.1: Simulation Initial Conditions and Parameters
Simulation
Initial Conditions Parameter
[φ, θ, ψ] Roll Freq. Pitch Freq. Yaw Freq.
Prop. Const.
(Deg.) (Hz) (Hz) (Hz)
1 [0,-1,2.3] 30 0 0.04 69
2 [0,0,-6] 20 0.04 0 71
reduction implementation from various initial coning conditions. The figures show
that in each case the CPC and bias were both significantly reduced to fall within
an acceptable region of the heading direction. Plots of the required control forces in
the body frame are also given in Figure 3.8 and Figure 3.10 for the respective simu-
lations in order to examine the practicality of implementing the proposed approach.
It is important to establish that the control forces do have limited upper bounds
and do not tend toward extremely large values. For the conditions evaluated in this
analysis, it was determined that three control force applications provided acceptable
coning reduction within a reasonable amount of time. Changes to the proportional-
ity constant between the force magnitude and angular velocity was seen to increase
or decrease the accuracy of the results but also increased or decreased the num-
ber of necessary intermediate force applications, respectively. For both simulations
presented, the final tip displacement fell within about 2 millimeters of the heading
direction. For the given projectile, defined by a tip location 0.2 meters from the
center of gravity, this corresponds to pitch and yaw angles under 0.5 degrees in
magnitude. It is acknowledged that some acceptable small gyroscopic motion and
offset from the heading direction will occur in most projectile flights leading to pitch
and yaw angles approximately less than two degrees [23]. The resulting final motion
of the presented simulations falls well within these limits and suggests a successful
implementation of the desired coning reduction goals.
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Figure 3.7: CPC plot for Simulation 1 of the Impulse Force Theory
Figure 3.8: Body axis forces corresponding to necessary Earth forces calculated for
Simulation 1.
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Figure 3.9: CPC plot for Simulation 2 of the Impulse Force Theory.
Figure 3.10: Body axis forces corresponding to necessary Earth forces calculated for
Simulation 2.
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4. Flight Controlled Mortar Application
As previously stated, the Impulse Force Theory, examined in Chapter 3, is not
directly implementable on any type of projectile system due to the many simplifi-
cations and assumptions it carries. Therefore, in order to apply the Impulse Force
Theory to ARL’s FCM project some adjustments are necessary. There are two
important conclusions from the analysis in Chapter 3 which will drive the FCM ap-
plication. The first is the advantages of using timed impulse forces to reduce coning
and second, the idea that the control forces must oppose the angular momentum of
the projectile. With these ideas in mind, the assumptions and simplifications used
in Chapter 3 can be slowly lifted, allowing the Impulse Force Theory to be applied
to a more complex environment.
4.1 Assumptions
The FCM Simulink Model was provided by ARL, as a means of advancing the
Impulse Force Theory to a more practical level. The FCM model does not hold to the
same assumptions as in Chapter 3, therefore, it is important to establish a new set of
assumptions under which the FCM will be examined. The first major change is that
aerodynamics will be taken into account in this simulation, as discussed in Chapter
2. These aerodynamic equations, while still simplified, do take into account the
major forces and moments the projectile experiences. The effects of gravity will also
be added to the equations of motion. All reference frame designations will remain
the same, however, the heading direction of the projectile will no longer be confined
to alignment with the Earth-fixed X-axis. The projectile may be launched in any
direction, at any angle, and is capable of assuming any position in 3 dimensional
space as long as it’s path corresponds with the equations of motion. The lack
of restriction on motion necessitates a redefining of the projection plane used in
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Chapter 3 to trace the tip of the projectile during coning. In the FCM analysis, a
similar projection plane will be defined using AOA and Sideslip Angle definitions to
trace the tip of the projectile and examine the coning behavior. This allows for a
projection plane that follows the projectile through its entire trajectory while also
capturing the coning motion. This new projection plane will be defined such that it
is perpendicular to the projectile’s heading direction. The projectile tip’s path will
be traced on the plane as the AOA and Sideslip change as seen in Figure 4.1.
Figure 4.1: New Coning Projection Plane used for FCM analysis.
Some assumptions present in Chapter 3 will continue to remain in the FCM
analysis. The coning angles will still be assumed to be small (< 15 degrees) as this
is more realistic to what has been seen experimentally in FCM test flights. The
stall angle for the canards on the FCM, however, is around 9 degrees, therefore,
behavior beyond these bounds is more unpredictable and difficult to represent in
the simulation. A discussion on stall and associated concerns is presented later in
the thesis. The geometry of the FCM also allows for the symmetry about the spin
(roll) axis assumption to remain.
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4.2 FCM Application of Impulse Force Theory
The first step towards an Impulse Force Control Scheme on the FCM is to
examine all possible control surfaces available for manipulation. The assumption of
infinite control authority is no longer valid as in Chapter 3. The control scheme will
only use whatever control is currently available on the FCM system. One of the
great difficulties in controlling the FCM system is that the only physical method
for control is two canards, spaced 180 degrees from each other at the tip of the
projectile. The canards can deflect both up and down from the nominal position,
and can oscillate very quickly and efficiently due to the voice coil design, however
that is all that is available for control. Since the desire is to create a short impulse
type force with the canards, it is suggested that the canards be railed in one direction
for a short period of time, in order to create a short impulse force on the tip of the
projectile. Since the canards rotate with the body’s spin, calculated timing will
allow for impulse forces in all 360 degrees.
In Chapter 3, many simplifications and assumptions were made in order to jus-
tify the circular movement of the tip of the projectile during coning. Since these
assumptions may not all apply in the more realistic FCM simulation, the coning
behavior of the FCM was examined when subject to a simple generic disturbance.
Figure 4.2 shows the CPC plot for the FCM subject to a 100 N-m impulse moment
disturbance in the Earth-fixed Y-direction at 10 seconds into flight. It is clear that
the coning motion does not create the perfect circular pattern which was assumed
in the Chapter 3 analysis.
4.3 Control Scheme Design
In Section 3.3, the calculation for the direction of the control forces was based on
the circular geometry of the CPC. Since the CPC of the FCM is geometrically very
different, a slightly altered approach must be used. As stated previously, the control
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Figure 4.2: CPC plot for projectile subject to 100 N-m moment about Earth-fixed
Y-axis.
forces must oppose the angular momentum of the projectile. Therefore the control
forces must be implemented in a direction opposite the direction of movement of
the tip at any moment in time. This concept is displayed in Figure 4.3, taking the
same CPC as in Figure 4.2 and adding the desired directions of control forces.
Again the CPC plots represent the movement of the tip of the projectile when
viewed from the rear. Therefore, the direction of the arrows represents the desired
direction of the control force in the body axis, at the moment the tip of the projectile
reaches the specific point along the CPC path. The placement of the arrows, along
the path, is dictated by the roll orientation of the projectile. Since the canards
roll with the body, a specific direction of force may not be available for immediate
implementation. It may be necessary to wait until the projectile rotates and the
canards are oriented correctly to obtain that specific force direction. In Figure 4.3,
the placement of the arrows are at every point where the roll orientation matched
the desired control force direction.
The control scheme used to determine the control force direction and timing
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Figure 4.3: CPC plot, with control force direction arrows, for projectile subject to
100 N-m moment about Earth-fixed Y-axis.
for railing the canards has been implemented in Simulink and is shown in Figure
4.4. The control scheme assumes full knowledge of the roll angle, φref , and the
body-axis velocities, u, v, and w. The first step in the block diagram is to construct
the CPC motion as shown in Figure 4.5. The roll angle is used to translate the
body velocities to non-rolling axis velocities which are then used to compute the
AOA and Sideslip Angle of the projectile according to Equations (2.3.3) and (2.3.4)
respectively. As stated previously, the AOA and Sideslip are used to create the CPC.
However, the control scheme only makes use of the CPC’s geometrically descriptive
values, ∆α, ∆β, and ∆c as shown in Figure 4.1. The use of ∆c will be discussed
momentarily, since the force direction calculations are primarily based on ∆α and
∆β. The control force will oppose the angular momentum of the projectile, thus, it
is necessary to compute the instantaneous velocity direction of the projectile’s tip.
This is accomplished by computing the change in ∆α and ∆β between iterations
and finding the velocity direction in a polar coordinate method according to the
equation,
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Figure 4.4: Impulse Force Method Simulink block diagram.
 
Figure 4.5: “Construct CPC” Subsystem block diagram.
γ = arctan(
∆αk −∆αk−1
∆βk −∆βk−1 ). (4.3.1)
This calculation is shown graphically in Figure 4.6 with the Simulink implemen-
tation shown in Figure 4.7. The polar coordinate approach is convenient because
it allows the tip velocity direction to be easily compared to the roll angle of the
projectile and thus align the canards in the position necessary to implement the
desired force. Due to the arrangement of the canards on the body of the projec-
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tile, the gamma value must be adjusted by +90 degrees and -90 degrees to find
the roll angles where the canards will be properly aligned. For example, if the tip
of the projectile is traveling up in the positive ∆α direction, gamma would be 90
degrees. When the projectile’s roll angle is zero degrees, the canards are stationed
horizontally when viewed from the rear. This horizontal orientation is the position
necessary for the condition when gamma is 90 degrees. Therefore gamma is adjusted
+90 degrees to 180 degrees and -90 degrees to zero degrees. When the roll angle
matches 180 degrees the canards are railed in a negative deflection to produce a
force downward, and when the roll angle matches zero the canards are railed in a
positive deflection to also produce a force downward and oppose the motion of the
tip. The output range of the atan2 block in Simulink is −pi to pi. After the gamma
values are adjusted, it is possible for them to exceed a total range of 2pi, so a block
is used to re-evaluate the gamma values to equivalents within the −pi to pi range.
The Simulink implementation of this process is shown in Figure 4.8.
Figure 4.6: Gamma value calculation based on CPC motion.
The next step is then to compare the current roll angle to the desired roll an-
gles and rail the canards when the two match up. Railing the canards for the split
second the two values match up, however, is not the most efficient method for a
couple reasons. First, in simulation, it is possible to rail the canards to full deflec-
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Figure 4.7: “Compute Gamma” Subsystem block diagram.
 
Figure 4.8: “Construct Canard Rail Command” Subsystem block diagram.
tion instantaneously and then bring them back to nominal position instantaneously.
However, since the canards are controlled by a electro-mechanical system, realisti-
cally there is some finite time delay involved. Therefore, although in theory a true
impulse force would be convenient to avoid complications with aerodynamic inter-
ference as the canards are railed through large changes in roll angles, this is not
realistic. Also there becomes a trade off. The less time the canards are railed, the
less effective the force is. The longer the force can be held by the canards the more
the angular momentum can be opposed. However, too long of force implementation
creates undesirable results due to the rolling motion of the body. The solution is to
search for roll angles 5 to 10 degrees before and after the gamma values. This allows
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the canards to be railed for about 10 to 20 degrees of roll angle and thus hold that
control force for long enough to have an effect but short enough to still be considered
an impulse. Therefore, in the control scheme, roll angle values are transformed to
the −pi to pi range and compared to the gamma ranges. For each initial gamma
value, two gamma search ranges are provided; one for positive deflection and one
for negative deflection of the canards. Depending on which gamma search range is
satisfied by the roll angle the canards are deflected either positive (up) or negative
(down).
Just before the canard signals are sent to the controller and actuation system,
the value of ∆c is finally used. The value of ∆c is constantly monitored and when it
becomes less than a specific threshold close to zero, the canard signals are suspended
from being sent to the controller and actuator. Small values of ∆c correspond to
the tip being located in close proximity to the heading direction. Implementation
of control forces when the tip is aligned with the heading direction may induce
undesired coning. Monitoring values of ∆c allows the control scheme to only act
when the coning motion is large enough to necessitate action.
4.4 Results
The fact that coning motion is typically induced by unexpected disturbance
forces and moments, makes it difficult to create realistic circumstances to test the
Impulse Force Method. Therefore, a few general disturbance scenarios have been
chosen to simulate and test the FCM system equipped with the coning reduction
control scheme. All the disturbances will be implemented in the simulation as
additional moments along with the other aerodynamic and canard induced moments.
Justification for this generalization stems from the fact that the disturbances on the
projectile, which will cause coning, can only originate as moments in the first place
or as disturbance forces acting at points offset from the center of gravity creating
induced moments. Most of the disturbance situations analyzed in the simulation will
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also be moments about the Earth-fixed Y-axis. The Y-axis is chosen for simplicity,
however, due to the symmetric geometry of the projectile and the fact that it is
spinning, the behavior is similar when subject to the same moment about any other
axis. To illustrate the similar coning behavior, a CPC plot is shown for a projectile
subject to an Earth-fixed Y-axis moment in Figure 4.2 and an Earth-fixed Z-axis
moment in Figure 4.9. The motion of the tip is the same, only rotated accordingly.
Figure 4.9: CPC plot for projectile subject to 100 N-m moment about Earth-fixed
Z-axis.
Unless otherwise stated, the disturbance moments on the projectile are simulated
for a short duration of one one-thousandth of a second. This type of disturbance is
highly unrealistic, however, it is designed to most generally represent a wind distur-
bance or thermal pocket which may impose an impulse moment on the projectile.
The representation of wind and other aerodynamic disturbances is also the reasoning
for choosing to implement the disturbance forces in the Earth-fixed axis.
A CPC plot is shown in Figure 4.2 to illustrate the Impulse Force Method’s
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improvement in reducing coning after a 100 N-m impulse moment. Figures 4.10a
and 4.10b are provided showing the same simulation results as AOA and Sideslip
separately. While the induced coning motion of the projectile naturally damps out
without any control action, it is observed that implementation of the Impulse Force
Method causes the coning to reduce even faster. This means that the projectile sees
smaller coning angles and is not subjected to as harsh of aerodynamic conditions.
Figure 4.11 displays a comparison of aerodynamic forces present on the projectile
after the disturbance. The lower magnitudes of the forces in Figure 4.11, when con-
ing reduction is implemented, signifies a reduction in drag and undesirable normal
forces.
(a) AOA Values (b) Sideslip Angle Values
Figure 4.10: Comparison of coning angles after 100 N-m disturbance about Y-axis.
Reducing drag and other undesirable forces leads to higher velocities and most
importantly, increased overall distance. To further illustrate the success of the Im-
pulse Force Method in accomplishing these goals, another disturbance situation is
examined. In this simulation the projectile is subject to a 300 N-m disturbance mo-
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Figure 4.11: Comparison of aerodynamic forces present on the projectile after 100
N-m disturbance about Y-axis.
ment in the Earth-fixed Y-axis. Figure 4.12 shows the CPC results and Figure 4.13
provides detail on the improvement in AOA and Sideslip individually. The difference
in results is even better then in the 100 N-m case because the stronger disturbance
creates more possibility for improvement. Figure 4.14a shows this increased perfor-
mance in the aerodynamic forces. The reduction in undesirable aerodynamic forces
does have a slight effect on the velocity and can be observed in Figure 4.14b. The
increase in velocity then has an effect on the overall distance traveled by the pro-
jectile as displayed in Figure 4.14c. Although the increase in range is not a large
percentage of the overall distance, for now it is still noted as improvement.
In each simulation up to this point, the control scheme has only been searching
for roll angle conditions 5 degrees before and after the gamma values. This means
that the canards are railed for a total of 10 degrees of roll angle, with the canards
aligned exactly as desired half way through the railing motion. As discussed in
Section 4.3, the effect of the control force may be increased by lengthening the time
the canards are railed for. In order to gain more of an effect from the railed canards,
the search criteria is raised to 10 degrees before and after the gamma value. Thus the
canards are railed for a total of 20 degrees of roll angle. Figure 4.15 shows the CPC
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Figure 4.12: CPC plot for projectile subject to 300 N-m moment about Earth-fixed
Y-axis.
(a) AOA Values (b) Sideslip Angle Values
Figure 4.13: Comparison of coning angles after 300 N-m disturbance about Y-axis.
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(a) Aerodynamic forces (b) Velocity magnitude
(c) Earth X-Z plane translation
Figure 4.14: Simulation results for projectile subject to 300 N-m disturbance about
Y-axis.
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plot for a projectile subject to a 300 N-m disturbance moment in the Earth-fixed
Y-axis, using the updated control scheme. The extended roll angle search criteria
significantly improves the performance of the coning reduction method. Figures
4.17a, 4.17b and 4.17c show the improvement in the aerodynamic forces, leading to
higher velocities, and increased range.
Figure 4.15: CPC plot for projectile subject to 300 N-m moment about Earth-fixed
Y-axis with 20 degree canard rail range.
In the simulations leading up to this point, the FCM model did not take into
account the actuation system for the canards. This means that the canards were
essentially moving from the nominal position to the railed position almost immedi-
ately. This behavior is not realistic at all, and gives a false sense of the effectiveness
of the Impulse Force Method. Therefore, a model of the controller and Canard Ac-
tuation System is needed to better represent how the canards operate under these
commands. Figure 4.18 shows the controller and actuator model, developed by re-
searchers at ARL, which was integrated into the FCM simulation. This Simulink
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(a) AOA Values (b) Sideslip Angle Values
Figure 4.16: Comparison of coning angles after 300 N-m disturbance about Y-axis
with extended canard railing time.
block is placed in series along the δcan signal before the canard angle command is
sent to the force calculation equations (2.3.11)-(2.3.13). The controller and actu-
ator model accounts for the electronic and mechanical interactions involved with
deflecting the canards. With this block in place, the canards will be simulated with
a more realistic delay and ramping motion up to the railed position, rather than
an immediate position change. Figures 4.19 and 4.20 show the CPC and individual
coning angle comparison with this additional modeling. The performance is still
better than with no coning reduction, however, not as good when compared to Fig-
ures 4.15 and 4.16 without the controller and actuator model. The delay and more
realistic maneuvering of the canards does not allow the canards to be railed for as
long as in the previous simulation. This causes the canards to be less effective but
still better than nothing. The controller and actuator block, however, adds a level
of accuracy and complexity to the FCM model and the simulation results provide
assurance that the method is still effective and worth continuing to investigate.
Each simulation up to this point has centered around reducing the coning motion
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(a) Aerodynamic forces (b) Velocity magnitude
(c) Earth X-Z plane translation
Figure 4.17: Simulation results for projectile subject to 300 N-m disturbance about
Y-axis with extended canard railing time.
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Figure 4.18: Canard Controller and Actuator Model Block in Simulink
produced by a short impulse disturbance moment. While this certainly gives insight
into some of the disturbances the projectile might face, it would be beneficial to
explore the effects of a longer duration disturbance. This could simulate a larger
or longer gust of wind or just an unexpected aerodynamic moment, the later of
which has actually been observed on the FCM in test flights. For this simulation
the disturbance will be a 1 N-m moment imposed on the projectile for two seconds
about the Earth Y-axis. Figure 4.21 shows the CPC plot comparison and the coning
angles are displayed individually in the AOA and Sideslip Angle plots in Figure 4.22.
The AOA plot shows an incredible improvement in oscillatory motion while the
disturbance is occurring. The forces created by the canards are not sufficient to
suppress the disturbance, however, they do help to prevent the projectile from os-
cillating through large AOA ranges. While the Impulse Force Method does cause
the projectile to see larger angles of attack at some points, the reduction in rapidly
changing coning motion is much more beneficial towards maintaining stability. Sim-
ilar behavior can be observed in Figure 4.22b as the control forces work to keep the
Sideslip Angle close to zero. Again it is clear that the coning reduction keeps the
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Figure 4.19: CPC plot for projectile subject to 300 N-m moment about Earth-fixed
Y-axis with CAS modelling.
(a) AOA Values (b) Sideslip Angle Values
Figure 4.20: Comparison of coning angles after 300 N-m disturbance about Y-axis
with CAS modelling.
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Figure 4.21: CPC plot for projectile subject to 1 N-m disturbance about Y-axis for
2 seconds.
(a) AOA Values (b) Sideslip Angle Values
Figure 4.22: Comparison of coning angles after 1 N-m disturbance about Y-axis for
2 seconds.
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projectile from experiencing more dangerous coning motion and overall helps the
projectile remain more stable despite external disturbance.
4.5 Unresolved Practical Issues
The success of the Impulse Force Method on the FCM is heavily dependent on the
ability of the canards to deflect and hold a railed position quickly with reasonable
timing accuracy. Without any modification to the system as it stands currently,
there are a few concerns which would require further testing. The first concern
is the stall angle of the canards. The stall angle for the FCM’s canards has been
experimentally determined to be around 9 degrees. Therefore canard deflections
beyond this range will essentially become ineffective. The FCM simulation developed
thus far does not take into account these stall angles. Examination of the CPC plots
shows that just the body of the projectile exceeds angles greater than 9 degrees at
certain moments in the simulation. If the canards are deflecting in a similar direction
to where the body is already angled, this will result in ineffective canard control.
However, the canards are not totally ineffective any time the body reaches high
angles of attack. When the canards are deflecting in a direction opposite the body’s
angle, there is an offset of angles and the total AOA for the canards may still be
in range. For example, if the body of the projectile sees a positive AOA, up, at 9
degrees, but the canards are deflecting down 11 degrees, the total AOA that the
canards see is -2 degrees. This corresponds to a two degree deflection downward
and is still in the usable range of the canards. Examination of the simulation results
shows that canard stall angles certainly become an issue at a few points during the
coning reduction process. Accurate modeling of these stall angles would lead to
reduced performance since some of the control impulses would become ineffective.
A second concern also stems from the performance of the canards from an aero-
dynamic perspective. Experimental test fights for the FCM system have shown that
coning most often occurs as the projectile traverses the transonic region of its flight.
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Aerodynamic behaviors in this region are still much of a mystery to researchers and
the FCM system is no exception. The Canard Actuation System has been wind
tunnel tested at transonic speeds, however the results of these tests only proved the
system was capable of actuating under the forces associated with these velocities.
Since the aerodynamics are so unpredictable in this velocity range, it remains a
concern as to how the Impulse Force Method will perform under these conditions.
Only further flight testing will determine the severity of these concerns.
The FCM system’s limitation to only one method of control naturally makes this
factor the main focus of concern. The FCM canards were not initially designed with
coning reduction in mind thus it will be necessary to ensure they can hold up to the
tasks necessary for the Impulse Force Method. Along with the aerodynamic concerns
for the canard system there are also mechanical concerns. The voice coil actuation
system on the FCM was designed to oscillate at high frequencies for maneuvering
commands. Repeated railing of the voice coil in each direction may be stressful on
the electro-mechanical system especially if the railing commands occur at the same
time as maneuvering commands. Some of this concern is relieved by the fact that
the projectile system has a one-time-use life span and thus the reliability ratings of
parts are greatly simplified. Further testing would be necessary, however, to ensure
the entire actuating system is capable of withstanding the Impulse Force Method
commands.
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5. Future Work and Conclusions
5.1 Future Work
Each section of work presented in this thesis relies on various assumptions and
simplifications for a projectile system. While Chapter 4 relaxes the strict assump-
tions from Chapter 3 and is based on a more complex system model, it relies on
theoretical principles which can deviate from reality. Additional work is still needed
to continue this progress towards an even more accurate model and eventual phys-
ical implementation and test flights. In terms of more accurate modeling, the next
steps for this analysis include the use of more accurate aerodynamic coefficients
from experimental flight tests. The aerodynamic coefficients, provided by ARL,
were slightly dated due to security risks in providing current classified information.
The incompleteness and inaccuracy of these coefficients led to simplifications and
assumptions which reduced the accuracy of the model. Updated coefficients would
allow for a high fidelity simulation and more realistic results. The simulation could
also benefit from the addition of other details such as the effect of stall angles for
the body and the canards. Each of these additions, however, would necessitate some
level of wind tunnel testing or flight testing in order to achieve the desired accuracy.
The Impulse Force Method is also dependent on the assumption that there is
full knowledge of all the states of the projectile. Many sensors such as gyros and
accelerometers are commonly used on projectiles for determination of some of the
states. However, some of the projectile states necessary in this analysis, such as roll
angle, are more difficult to determine from these sensors. Many theories and methods
exist for estimating projectile attitude and other hard to observe states [3, 10, 12].
Further work would be needed to develop and adapt one of these methods for the
FCM system which would provide the accuracy needed for coning reduction. This is
a goal for which work is already in progress at ARL, however, no full implementation
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for all projectile states currently exists.
While the Impulse Force Method showed improved performance in reducing con-
ing, the level of success may still fall short of justifying the investment for further
implementation on the FCM system. The success seemed to be tied to the abil-
ity of the canards to provide sufficient forces to overcome the angular momentum.
The length of time the canards were railed was shown in Section 4.4 to have some
influence on the effectiveness of the force. Another driving factor is the design of
the canards themselves. The surface area of the canards on the FCM have been
designed to meet the maneuvering goals initially put forth for the project. Further
work would allow for the possibility of a change in the canard design to be analyzed.
This would require a computation of the forces needed to fully eliminate coning in
a time frame that would be worth significantly investing in. Connecting this infor-
mation with necessary canard surface area and deflection angles would allow insight
into whether it is feasible and cost effective to implement a hardware change.
5.2 Conclusions
The research summarized in this thesis began with the analysis shown in Chap-
ter 3 with the goal of eliminating coning in projectile flight, once it has occurred.
The simplified approach of Chapter 3 provided a method for better understanding
coning, in order to develop an efficient method for eliminating it. This research
was completed with the hope that the next steps would be to slowly add complex-
ity to the analysis and develop the Impulse Force Method accordingly. The FCM
system provided an interesting means for taking these next steps and introducing
the previous research to a more realistic environment. However, even in the still
simplified environment of simulation, the coning behavior of the FCM proved to be
very different than what was assumed in Chapter 3. The FCM system also included
many limitations in control options and actuation which made creating sufficient
control impulse forces difficult. Despite these challenges the Impulse Force Method
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was adapted and implemented in simulation. The results of the FCM application
showed improvements in reducing coning over the uncontrolled simulations and thus
accomplished the first steps towards the goal of increasing the complexity of the Im-
pulse Force Method.
Although the FCM simulation results may fall short of a success margin worth
investing in, this is not a failure for coning reduction research. The research pre-
sented in this thesis is an attempt to solve coning issues in one particular system,
and a difficult one at that. There are plenty of other projectile systems which also
suffer from the effects of coning and offer designs which may greatly enhance the
effectiveness of the Impulse Force Method. Therefore, the Impulse Force Method
remains a potentially viable solution to the coning reduction problem. However,
difficulties and limitations will arise no matter what projectile system is examined.
This means there is still plenty of work to be done in refining the Impulse Force
Method and developing it along with a system which can handle its requirements.
As the hope at the end of the analysis in Chapter 3 was to adapt the theory to
a more realistic environment, so the hope at this point in the research is that the
concepts, results and conclusions from the FCM simulation would continue to build
a foundation for the Impulse Force Method to grow upon and eventually lead to a
successful and marketable method for eliminating coning.
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Appendix A. Acronyms
Acronym Description
6-DoF Six Degree of Freedom
AOA Angle of Attack
ARL Army Research Laboratory
BL Butt Line
CAS Canard Actuation System
CG Center of Gravity
COP Center of Pressure
CPC Coning Projection Circle
FCM Flight Controlled Mortar
GPS Global Positioning System
LOC Loss of Control
NED North East Down
SL Station Line
WL Water Line
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Appendix B. Notations
Variable Description
{XE , YE , ZE} Earth Coordinate Axis Designators
{xb, yb, zb} Body Coordinate Axis Designators
{xb−nr, yb−nr, zb−nr} Body Non-Rolling Coordinate Axis Designators
{ψ, θ, φ} Euler Yaw, Pitch, and Roll Angles
Rψ, Rθ, Rφ Euler Angle Rotation Matrices
~V Body Fixed Velocity Vector
{u, v, w} Body Fixed Velocity Vector Components
~ω Body Fixed Angular Velocity Vector
{p, q, r} Body Fixed Angular Velocity Vector Components
~Vw Body Fixed Velocity Including Wind Velocity
{uw, vw, ww} Body Fixed Velocity Vector Components Including Wind Velocity
{Fx, Fy, Fz} Body Axis Force Vector Components
ρ Density of Air
A Reference Area
d Reference Diameter
α Angle of Attack
β Sideslip Angle
δcan Deflection Angle of the Canard
g Acceleration Due to Gravity
∆Y,∆Z Tip Distance From Heading Direction Components in CPC Plot
∆c Tip Distance From Heading Direction in CPC Plot
∆α,∆β FCM Coning Angles in CPC Plot
γ FCM Instantaneous Tip Velocity Direction in CPC Plot
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